Cytosine DNA methylation is the addition of a methyl group to the 5 0 position of a cytosine, which plays a crucial role in plant development and gene silencing. Genome-wide profiling of DNA methylation is now possible using various techniques and strategies. Using these technologies, we are beginning to elucidate the extent and impact of variation in DNA methylation between individuals and/or tissues. Here, we review the different techniques used to analyze the methylomes at the whole-genome level and their applications to better understand epigenetic variations in plants.
INTRODUCTION
Chemical modification of the chromatin component refers to chromatin modifications that can alter a chromosome but are not always inherited. Epigenetic changes include chemical modifications that are heritable, thereby influencing the chromatin structure and gene expression without altering the DNA sequence per se [1] . In this review, we focus on cytosine methylation, an epigenetic mark that is considered a major driving force of epigenetic variation and is tightly linked to genetic variation in plants [2] [3] [4] . Unlike mammals for which cytosine methylation occurs mostly at CG sites and rarely at non-CG sites [5, 6] , cytosine methylation in plants occurs mainly in both CG and non-CG contexts. Non-CG methylation occurs in symmetrical and asymmetrical sites, CHG and CHH, respectively (H ¼ A, T or C). These three different methylation contexts differentially affect gene function and structure. Methylation of genes is primarily in the CG context (CG gene body methylation) and is not associated with gene repression, while concomitant methylation on the three contexts (CG, CHG and CHH) of transposable elements (TEs) is associated with a repressive chromatin state and TE silencing [7] . The methylation landscape is highly regulated, and maintenance is crucial for normal plant development.
Much of our knowledge about DNA methylation in plants comes from the study of the model species Arabidopsis thaliana. Several reports have shown that Arabidopsis accessions carrying mutations in the proteins necessary for DNA methylation exhibit transpositional re-activation of mobile element [8] and phenotypic and developmental abnormalities [9] . Several DNA methyltransferases are necessary for maintaining cytosine methylation in plants: (1) the maintenance of symmetrical CG methylation during DNA replication is achieved by METHYLTRANSFERASE1 (MET1) (homolog of animal DNA methyltransferase DNMT1) that recognize hemimethylated CG sites, (2) CHG methylation is maintained by the plant-specific CHROMOMETHYLASE3 (CMT3) and finally (3) asymmetric CHH methylation is mediated by DRM2 and requires 24 nucleotide small interfering RNAs (24nt siRNAs) to target specific loci (by sequence similarity) via the RNA-directed DNA methylation (RdDM) pathway [10] . Recently, it has been shown that CHH methylation can occur in an RdDM-independent manner and implicates yet another DNA methyltransferase, CMT2 [11] . These authors suggest that CHH methylation of large TEs in heterochromatic regions is the result of CMT2 action facilitated by DDM1, while small TEs in euchromatic regions are mainly targeted by RdDM pathway (DRM2). RdDM is also responsible for de novo DNA methylation in all the three contexts CG, CHG and CHH as in the case of new TEs bursts which lead to silencing in few generations [12] .
Although plants have robust mechanisms to maintain DNA methylation marks, methylation variants or epimutations can be produced and inherited in subsequent generations [13] . Trans-generational inheritance of DNA methylation can in some cases lead to novel epialleles and phenotypes within populations. An epiallele is a variant allele that affects gene expression by differential epigenetic states and can be classified into three categories (pure, facilitated and obligatory epialleles) according to its dependency to the genotype [14] . Naturally occurring heritable epimutation was first discovered in toadflax (Linarai vulgaris), where flower symmetry is under the genetic control of the Lcyc gene which is responsible for bilateral flower symmetry in wild type. The naturally occurring hypermethylated allele of Lcyc produces radially symmetrical flowers [15] , while no change in the DNA sequence of this gene was observed in other alleles. Naturally occurring epialleles have been identified in other plants such as the phosphoribosylanthranilate isomerase (PAI) gene family in Arabidopsis [16] and the colorless non-ripening locus in tomato [17] . Epialleles can also be artificially induced from hypomethylation mutants [18] and by tissue culture [19] .
Advances in high-throughput technologies have allowed one to detect DNA methylation at the whole-genome scale, and several studies were able to rediscover these classical examples of epialleles [20, 21] . Furthermore, epigenetic variation that does not appear to generate any morphological changes was uncovered by whole-genome analysis. The whole methylome sequencing of a collection of Arabidopsis mutation accumulation lines (derived from single seeds and grown for 30 generations) showed that spontaneous variation in DNA methylation was at least four times greater than the genetic mutation rate, which was about one mutation per line per generation [22] [23] [24] . Previous reports also support this higher level of methylation diversity as compared to genetic (sequence) diversity [25] [26] [27] [28] .
The emergence of various genome-wide analysis approaches has led to an epigenomics era. Many epigenetic variants can now be detected more accurately and at the single-base resolutions. Differentially methylated regions (DMRs) can be identified within an individual plant (intra-DMR) or between individual plants (inter-DMR). In this review, we review and discuss various genome-wide profiling strategies for plant methylomes and their potential applications to access epigenetic variation in plants.
METHODS FOR GENOME-WIDE PROFILING OF DNA METHYLATION
Over the past few years, numerous methods, combining classical biochemical approaches with rapidly evolving genomic technologies, have been developed to uncover genome-wide patterns of cytosine methylation. The impact of these technologies on epigenomic research has been previously reviewed in [29] [30] [31] [32] [33] [34] . Quantitative comparisons of genome-wide approaches have been made with the same sets of biological samples [35, 36] highlighting the strengths and weaknesses of the various methods and providing guidelines for designing DNA methylome studies. Plant researchers should consider the distinct characteristics of plant genomes as compared with other non-plant genomes, such as abundance of non-CG methylation and large genome sizes due to TE proliferation and polyploidy events [37, 38] , that will affect the strategy for detecting epigenetic variation in a plant methylomes. In this review, genomewide approaches used in plant methylome studies are discussed and compared. To date, commonly used methods in plants use either (1) methylation-sensitive restriction enzymes, (2) affinity enrichment (purification) or (3) bisulfite conversion for the assay during sample preparation followed by either microarray or high-throughput sequencing as the readout platform ( Figure 1 ).
Methylation-sensitive restriction enzymes
Methylation-sensitive restriction endonucleases are classic tools for locus-specific DNA methylation analysis [42, 43] and were used in the first genome-wide profiling approach (restriction landmark genomic scanning) which is based on two-dimensional separation of differently digested DNA fragments [44] . The most commonly used methylation-sensitive restriction enzymes are the isoschizomers HpaII and MspI. Both enzymes have same recognition sequence (CCGG) and the same cleavage sites, but HpaII is blocked by CG and CHG methylation, whereas MspI is blocked only by CHG methylation [45, 46] . The methylation-dependent endonuclease McrBC has been used to detect DNA methylation by specifically cutting methylated DNA [47] . These enzymes either enrich methylated or unmethylated DNA and the resulting patterns of differently digested DNA fragments, according to methylation status, are detected by array hybridization (McrBC assay [48] , HELP [49] , CHARM [50] ) or highthroughput sequencing (Methyl-seq [51] , HELPseq [52] , McrBC-seq [53] ). These enzyme-based [39] , MeDIP-seq [40] and MethylC-seq [41] are presented. MBD-seq and MeDIPseq are based on the enrichment of methylated DNA, whereas MethylC-seq is based on bisulfite conversion, which converts unmethylated cytosines to thymines, while leaving methylated cytosines unchanged.
methods were used in several early plant methylation studies [53] [54] [55] [56] [57] [58] [59] . In recent years, however, these methods have decreased in popularity due to several limitations (1) low resolution of the data, (2) false positives due to incomplete digestion, (3) false positives due to sequence polymorphisms in the recognition site, (4) bias due to the uneven distribution of recognition sites and (5) difficulties in detecting non-CG methylation. Thus, enzyme-based methods are an inferior approach to detect methylation in plant genomes where non-CG methylation is ubiquitous.
Affinity enrichment
Methylated DNA can be also enriched by affinity purification with proteins that specifically bind to 5-methylcytosine. One of the most widely used proteins is MeCP2, which contains methyl-CpG binding domains (MBDs) and recognizes and binds methylated CG sites [60, 61] . Another commonly used method to enrich methylated DNA is methylated DNA immunoprecipitation (MeDIP) which uses a monoclonal antibody specific against 5-methylcytosine to pull down methylated DNA fragments [62, 63] . In contrast to MBD proteins, MeDIP captures methylcytosines regardless of sequence context and therefore detects regions with CG methylation and non-CG methylation. However, the inability to detect non-CG methylation may not be a critical limitation for the use of MBD in plant studies as non-CG methylation is mostly embedded within regions with high CG methylation [41, 64] . The DNA fraction enriched by either of the two methods can be evaluated using either tiling arrays (MBD-chip [21, 65] , MeDIP-chip [21, 66] ) or high-throughput sequencing (MBD-seq [39] , MeDIP-seq [40] ). Although enrichment-based methods are robust and efficient, these methods are subject to several limitations, such as (1) low resolution of detection, (2) inability to determine the sequence context of methylation sites and (3) biases associated with CG density and copy number variation [33, 67, 68] . Enrichmentbased methods are attractive, however, due to the relatively low cost for acquiring genome-wide data.
Bisulfite conversion
The major limitation of enzyme-and enrichmentbased methods for DNA methylation analysis in plants is the inability to distinguish between CG, CHG and CHH methylation, therefore, it is not possible to separate gene body methylation from TE methylation. This limitation can be overcome using bisulfite conversion [69] [70] [71] , considered to be the gold standard for determining the methylation profile of a genome. Chemical treatment of denatured DNA with sodium bisulfite deaminates unmethylated cytosine residues to uracil, while leaving methylated cytosine residues unchanged. PCR amplification of bisulfite-treated DNA then replaces the uracil with thymine, resulting in C/T sequence variation between methylated and unmethylated cytosines. Bisulfite conversion has been coupled with microarrays (GoldenGate methylation assay [72] , Infinium methylation assays [73] ) as well as high-throughput sequencing (BS-seq [61] , MethylC-seq [41] , RRBS [74, 75] ), providing methylation data at single base-pair resolution.
Microarray platforms have been widely used to evaluate bisulfite-converted DNAs in mammals, but in plants no studies have been reported using these technologies, possibly due to high initial cost of designing and constructing microarrays for a target genome. Reduced representation bisulfite sequencing (RRBS) [76] , which uses methylationinsensitive restriction enzymes (BglII or MspI) to enrich CG-rich regions, was also developed to access genome-wide methylation profiles in a costefficient way. High-throughput sequencing of BglIIor MspI-digested libraries allows deeper read depths in CpG islands, which provides sufficient statistical power to call methylation levels even with relatively small amounts of sequence data. However, RRBS can theoretically cover only 10% of CG sites [75, 77] , while losing methylation information on the portion of the genome containing TEs, an important component of plant genome regulated by methylation. Therefore, RRBS is more appropriate for animals where CpG islands play important roles in epigenetic regulations [78] [79] [80] , but may not suitable for plants.
MethylC-seq, which is referred to as wholegenome bisulfite sequencing (WGBS), is a recent and popular strategy for DNA methylation analysis in plants [7, 11, 20, 41, 81, 82] . This is because it is one of few methods that permits quantitative determination of methylcytosine frequencies in all sequence contexts [30, 33] . Although this method is an ideal way to decode the plant methylome, there are potential issues to be considered. Methylated cytosines can be over-represented by incomplete conversion of cytosines during bisulfite treatment, therefore, it is important to monitor the bisulfite conversion rate by adding unmethylated control DNA or an internal control, such as the unmethylated chloroplast genome, to ensure that all unmethylated cytosines are converted to thymines. In addition, the library becomes AT-rich after bisulfite conversion and this may result in inefficient and biased amplification of the library, low sequencing quality and low mapping rates to reference genomes. As the cost of sequencing decreases, WGBS will continue to be a popular choice for methylome analysis in plants.
Array-and sequence-based detection
Microarray platforms are powerful tools for genomewide analysis of DNA methylation patterns and, as described earlier, many approaches have used them as readout platforms. In mammals, CpG island arrays [83] and promoter arrays [84] have been widely used for genome-wide methylation analysis and are commercially available [85] . In plants, oligonucleotide tiling arrays [86] [87] [88] [89] , that span a target genomic region or the entire genome and distributed at regular intervals, have been used. Currently, genome tiling arrays have been developed for several species including Arabidopsis, Brachypodium distachyon, rice, maize and soybean, and are still useful because of the ease of data analysis and low cost as compared to sequencing.
Rapid advances in sequencing technologies over the past decade have enabled the exploration of plant genomes and epigenomes at the sequence level. Among the different massively parallel sequencing technologies, Illumina's sequencing by synthesis has been most frequently used for genome-wide mapping of DNA methylation as it can produce massive amounts of sequencing reads at a relatively low cost. Generated sequence reads are mapped to a reference genome, then converted to single data points and quantified for methylation analysis. Sequence-based methylation analyses can be conducted for any species with a reference genome using a sequencing technology that can generate large numbers of high-quality sequence reads.
REFERENCE METHYLOMES
Numerous plant genomes have been sequenced and assembled and we are now in a post-genome era [90, 91] . A reference genome sequence results in a paradigm shift in accessing genetic variation and understanding their roles in plant biology. Now, cytosine methylation patterns can be determined at the single nucleotide level by whole-genome bisulfite sequencing and mapping to a reference genome, resulting in a reference methylome. So far, the methylomes of eight plant species have been sequenced (Table 1) , including reference genomes or various genotypes of Arabidopsis [41, 61, 82, 92, 93] , B. distachyon [94] , rice [95, 96] , maize [28, 97, 98] , soybean [99, 100] and tomato [20] . Completed sequenced methylome data can be used to search for methylation variations with an identical method calculating methylation levels (for method, see [101] ). Loci of commonly occurring DMRs can be identified based on the reference genome and later used for genotyping the methylation states of samples of interest by low coverage sequencing or sequencing of PCR amplicons for target regions. Furthermore, pan-methylomes can be constructed with the reference methylomes from different species, providing insights into epigenetic variation within a species and its potential role during the evolution and adaptation.
DNA METHYLATION VARIATION
The study of DNA methylation in plants has undergone a significant shift from analysis of a single reference methylome to studying methylome variation among individuals, populations (inter-DMRs) or between tissues or cell types from the same individual (intra-DMRs) ( Table 2 ). These studies aim to understand how variation in DNA methylation can affect genes and phenotypic diversity and plasticity in populations as well as answer questions related to plant development and genomic imprinting. It has become clear that cytosine methylation is more variable and dynamic than was expected [24] .
Inter-DMRs
A striking example of genome-wide methylome variation was found in hundreds of distinct wild A. thaliana accessions from the Northern Hemisphere [82] . This study revealed tens of thousands naturally occurring DMRs (ranging from few base pairs to 6 kb) in this population, many of which were inherited and associated with gene expression and/or quantitative-trait loci. Similar results were obtained when analyzing recombinant inbred lines (RILs) (less genetic diversity as compared to wild-type accessions) in both maize and soybean [28, 98, 99] . In these genetically structured populations, most of the DMRs co-segregated with the genotype from which they were derived which implies a genetic origin. However, a few DMRs did not segregate with a genotype and may be due to paramutation, such as found in maize [107, 108] . Further investigation will be necessary to understand the molecular basis of non-mendelian methylation generation and inheritance in plants. DMRs analyses have also been conducted to better understand the molecular basis of heterosis or hybrid vigor [56, 92, 93, 95] . In addition to genetic phenomena such as dominance or epistasis [109] , there is evidence of an epigenetic component in heterosis (for review, see [110, 111] ). The analysis of DMRs in intraspecific hybrids resulting from the cross between two different Arabidopsis ecotypes C24 and Landsberg erecta (F1 hybrids with growth vigor in many characters as compared to their parents) revealed that hybrids had increased cytosine methylation as compared to their parents [93] . This increase in DNA methylation was correlated with transcriptional down-regulation of genes in the hybrids. The use of the same parental lines in another study shows that the hypermethylation in the F1 hybrids occurred most frequently at loci where parental methylation levels were different, referred to as non-additive methylation inheritance [92] .
Intra-DMRs
Methylation is highly dynamic during plant gametogenesis, where it has been demonstrated that during pollen maturation, CHH is lost from retrotransposons in microspores and sperm cells and later restored in the vegetative nucleus and embryo (after fertilization) via an RdDM pathway [81] . The epigenetic reprogramming of the plant germline before or after fertilization can affect the expression of genes depending on parent-of-origin (gene imprinting). For example, in Arabidopsis it has been shown that the maternal central cell (before fertilization) and the endosperm (after fertilization) undergo extensive demethylation as compared to the embryo [81, 103] . This process can positively affect the expression of certain genes, e.g. maternally expressed genes, that are normally silent in the vegetative organs because of their methylation profile, such as the FWA gene in Arabidopsis [112] . Similar observations have been made in maize when comparing the methylation profiles of the embryo and the endosperm [102, 104] . The identification and analysis of parent-of-origin dependent DMRs will lead to the discovery of additional imprinted genes (for review, see [113, 114] ). Others studies have looked for DMRs between different vegetative organs, and a few tissue-specific DMRs were correlated with changes in gene expression [50, 100, 105, 106] . However, unlike the changes and reprogramming of methylation in the germline, DMRs in vegetative tissues are fewer and less obvious, as shown in Arabidopsis [82] .
FUTURE PERSPECTIVE
Over the past few years, the study of DMRs in plants has became a very active area of research thanks to the availability of many plant reference genomes and the emergence of high-throughput sequencing technologies. These studies have clearly demonstrated methylation polymorphisms at level of the whole genome. However, the correlation of DMRs with genetic/phenotypic variation remains a challenge [4] . The majority of described inter-DMRs and epialleles in plants can be explained by genetic variation.
Nonetheless, some 'pure' epialleles and DMRs, not linked to a parental genotype, were described [15, 28, 99] . Therefore, to understand the 'non-genetic' factors that can contribute to such pure epigenetic variations, genetic variation should be well understood before interpreting epigenetic variation. It should also be noted that the study of DMRs between different tissues does not take into account the dynamic nature of methylation during different developmental stages and cell types as was shown during plant gametogenesis. This is in plants due to difficulties to isolate single cell types from the whole tissues. However, several techniques that permit the capture of individual cell types, such as laser capture microdissection [115] , fluorescence-activated cell sorting [116, 117] and fluorescence-activated nuclei sorting [118] , are now available. The use of these techniques together with MethylC-seq sequencing should increase the resolution of methylation analysis from tissue to cell types. This should allow us to draw a more complete picture of the precise dynamics of DNA methylation during plant development.
Key points
Bisulfite conversion followed by high-throughput sequencing (WGBS) is an ideal way to decode plant methylomes and will increase in use as the cost of sequencing decreases. Currently, five plant species have reference methylomes, which are resources for discovering methylation variation. Many studies have shown evidences for the contribution of epigenetic variations in the phenotypic diversity and plasticity in natural populations. Besides the epigenetic variations between individuals, methylation is a highly dynamic process during male and female gametogenesis, which can impact gene imprinting after fertilization.
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